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Abstract 
Transient pressures occur in water distribution systems (WDS) and have the potential to cause structural damage to assets, such 
as bursts and leakage which can also have impacts on surrounding infrastructure. Transients also have the potential to adversely 
affect aspects of potable water quality, including inducing low or negative pressure events with the potential to cause 
contaminant intrusion or through shock loadings which can mobilise otherwise stable material layers from the pipe wall. 
This paper outlines a transient source location methodology. The basis of the method considers the varying transit times of a 
transient pressure primary wave front to different locations of a pipeline or network. The method relies on a comparison 
between determined wave front arrival times at multiple, time synchronised pressure data acquisition locations and estimated 
wave transit times calculated from system connectivity and known or estimated pipe parameters and characteristics, to estimate 
transient source locations. Validation of the method is provided by data from a laboratory based physical model which explores 
transient pressure propagation in a looped and branched pipe network. 
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1. Introduction 
Transient pressures are a fundamental phenomenon resulting from and facilitating changes in flow velocity in 
fluid pipe systems. It is well known that substantial transient events such as those associated with a large pump 
trips can cause considerable damage to pipes and infrastructure Kroon et al., (1984) Karney and McInnis, (1990). 
More recently an increasing body of evidence suggests that transients can potentially cause water quality failures 
through intrusion of contaminants associated with negative pressure events Friedman et al., (2005) Boyd et al., 
(2004)  Collins et al., (2011). It is also believed that red water events can occur due to shock loadings and the 
mobilisation of otherwise stable material layers from the pipe wall Naser et al., (2007). Anecdotal evidence from a 
U.K. water utility suggests that high burst frequencies exist as a result of transient pressures; provisional 
assessment of GIS data from the utilities works database corroborates this understanding Hampson et al., (2011). 
Bearing these factors in mind, the mere occurrence of transient pressures in WDSs is cause for concern. 
Water companies face strong regulatory, economic and environmental drivers to reduce bursts and leakage and 
to minimise water quality failures. Mitigation of significant transients can help achieve this by reducing the 
mechanisms that could cause future failures. It is possible to observe transient events in real distribution systems 
using high sample frequency pressure data acquisition. If a significant transient event is observed in the acquired 
pressure data, the vast array of possible transient sources (of which a comprehensive list can be found in Kirmeyer 
et al., (2001)) can make identifying the particular source location elusive. An ability to effectively locate 
problematic transient sources is therefore desirable. 
This paper outlines a methodology and laboratory validation of a novel transient source localisation procedure. 
The method relies on: 
• a graph theory representation of WDSs 
• the prediction of approximate primary wave front arrival times at multiple sensor locations with the 
transient source considered at every possible discrete location in a system 
• the successful detection of transient pressure primary wave front arrival times from discrete pressure 
data. 
The aim of this paper was to validate the localisation procedure using data acquired from a physical laboratory 
model and evaluate localisation results at different data sample frequencies. 
 
Nomenclature 
c wave speed of pipe/fluid  
K Bulk modulus of fluid 
E  Young’s Modulus of Elasticity 
D Internal pipe diameter 
e Pipe wall thickness 
ρ   Density of fluid 
dtc Difference in calculated wave arrival times 
dtm Difference in measured wave arrival times 
2. Background 
2.1. Source Localisation 
Transient source localisation is not discussed widely in the literature, it is the process of identifying the source 
or origin of a generic transient event. Analogies may be drawn with some transient based burst, leak and feature 
detection localisation procedures, although the general approach for many methods dealing with these issues rely 
on the initiation of a transient event at a know location in a pipe system. Source localisation therefore 
fundamentally differs from these in that the origin of the transient to be analysed is not known. Inverse transient 
analysis Covas and Ramos, (2010) Liggett and Chen, (1994) is one method used to try and achieve source 
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localisation but uncertainties in system characteristics and the heavy computational expense may still limit the 
effectiveness of this approach in complex pipe systems. A graph theoretical approach was suggested as a means of 
burst localisation Srirangarajan et al., (2010) by analysing arrival of multiple wave paths and wavelet based signal 
decomposition of high sample rate date. Another adopted approach to transient analysis providing a more direct 
solution is through signal processing techniques Beck et al., (2002) Ghazali et al., (2010), which has the advantage 
of being instantly applicable to measured transients in real distribution systems with the potential for a lesser 
characterisation of the system in question.  
2.2. Graph Theory 
Graph Theory has developed a wealth of algorithmic tools to efficiently search through graphs and to calculate 
the propagation of entities from vertex to vertex in a graph. For some situations water distribution systems are 
ideally suited for graph theory representation with pipes and junctions being directly represented as vertices and 
edges respectively. For example in Oliveira et al., (2011)  Graph Theory is used to statistically identify clusters of 
pipe failures in a WDS and Axworthy and Karney, (2000) uses a graph theoretical approach to model transients 
associated with slow valve closures in a relatively simple network. It is the high efficiency and direct applicability 
of some graph theoretical tools that make them suited to transient wave propagation problems. The use of graph 
theory for wave propagation problems requires an understanding of pipe wave speeds. 
2.3. Wave Speed  
The speed of pressure waves in fluid filled elastic pipes or celerity c is given by equation (1) Wylie and Streeter, 
(1985): 
 
( )( )
/
1 / /
Kc
K E D e
ρ=
+
  (1) 
 
Where K is the bulk modulus of the fluid, ρ is fluid density, E is the Young’s Modulus of elasticity of the pipe 
material, D is the pipe internal diameter and e is the wall thickness. 
 
In real WDSs the properties of buried pipes may not be fully known. In situations where a pipe’s material and 
dimensions are given these may not be accurate and variations in actual wave speeds may still be present. 
Therefore without empirical determination of the wave speed for each pipe, only an approximate wave speed can 
be obtained using equation (1). Paying particular attention to plastic pipes, complexities can occur as a result of 
creep in the stress strain relationship due to the viscoelaticity of the pipe wall material. The result is an apparent 
reduction in wave speed associated with wave transit time Covas et al., (2004). With little proprietary data existing 
concerning creep functions of viscoelastic pipe materials and variations existing from pipe to pipe, Covas et al., 
(2004) , Hampson et al., (2012) and Meniconi et al., (2012) determined wave speeds empirically based on 
laboratory experimentation. In both cases higher wave speeds were recorded than would be estimated using 
equation (1) and manufactures values for E, indicating that a higher, alternative value for E is required for wave 
speed calculation in viscoelastic pipes. For MDPE pipes, Grann-Meyer, (2005) suggests a value for E of 1GPa, this 
value does not allow for wave speed retardation but provides comparable results to the max initial wave speed 
identified in Hampson et al., (2012).  
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3. Method 
3.1. Overview 
The method provides a brief description of the source location procedure based on the arrival times of primary 
wave fronts at multiple sensor locations and graph theoretical modeling. A physical laboratory model at the 
University of Sheffield, consisting of a simple loop and branched network, was developed to generate data for 
procedure and software development and for method validation. 
3.2. Graph Theoretical Approach 
A graph representation of the test rig was implemented in Matlab and to increase the resolution of the 
discretisation additional vertices were added along the pipe length at 0.2 m intervals. It is a priori that the primary 
wave front will arrive at all locations in a network having travelled there by the shortest temporal path. The 
primary wave front can potentially travel in either direction along a pipe, therefore the graph representation is 
undirected with no negative edge weights. This means successive application of Dijkstras algorithm Dijkstra, 
(1959) could be used to establish an all pairs shortest path solution based on estimated wave speeds, the output of 
which is an n x n matrix containing the transit time between all vertices.  The viscoelastic effects on pipe wave 
speeds are ignored and the value of E used in equation (1) to attain wave speeds was 1.0 GPa. 
  The calculated difference in arrival time between every sensor pair dtc(s1,s2) is attained by subtracting row 
(s1) from row (s2) in the shortest path matrix. The  measured arrival time difference dtm(s1,s2) can be attained 
from the acquired lab data. 
Comparing the calculated values dtc(s1,s2)  to the  measured values dtm(s1,s2) by subtraction gives a likelihood 
that the source originated from a location: 
 
 Likelihood (s1,s2) (s1,s2)c mdt dt= −       (2) 
As Likelihood 0→   there is an increased likelihood of source location (3) 
The most likely source is given by identifying the likelihood value which is closest to zero. A more intuitive 
result for source localisation is adopted by plotting the graph of the network and representing the likelihood at each 
location using a colour scale, thus showing a heat map of source location likelihood. For more than 2 sensors the 
location likelihood is given by averaging the results from multiple sensor pairs. 
3.3. Laboratory setup 
A schematic representation of the test rig can be seen in Fig. 1. The simple looped and branched configuration 
was chosen so that generated transient pressure waves had multiple transit paths, hence increasing the ambiguity of 
the possible source location. 
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Fig. 1. Laboratory test rig Schematic 
 The Laboratory test facility was constructed from 25 mm MDPE pipe. The system is supplied by a header tank 
and water from the downstream collection reservoir is returned the header tank by means of a submersible pump, 
an overflow sustains a constant pressure head. Three manually operated ball valves were situated in the system for 
generating transient pressures and gate valves on the outlets controlled the flow. Four -1 – 9 bar pressure sensors 
were connected to a national instruments USB 16 bit data acquisition board and data was logged directly to a 
computer via Matlab. Pressure data was captured simultaneously at all for sensor location at a sample rate of 4 
kHz. 
3.4. Test Methodology 
For the test shown in the paper all valves were initially opened to allow flow through the system. Gate Valves 
G1 and G2 were partially opened with flow rates of 0.17 ls-1 and 0.24 ls-1 respectively. After allowing at least 
1 minute from the initiation of flow in the system so that a steady state was attained, a transient was generated by 
fast manual closure of the ball valve V2.  
4.  Results 
Fig. 2 shows the arrival of the primary wave fronts at all four sensor locations following a closure of valve 2, 
the plot on the left shows data sampled at 4 kHz and the plot on the right shows down sampled data equivalent to a 
sample frequency of 100 Hz.  
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Fig. 2. Pressure wave resulting from the operation of valve 2 a) 4 kHz sample frequency b) 100 Hz sample frequency 
Visual inspection was used to establish the arrival times of the primary wave fronts at all four sensor locations. 
The onset detection methods described in Hampson et al., (2012) were also used which provided comparable 
results to manual detection at both sample frequencies. The arrival times of the wave fronts were estimated as in  
Hampson et al., (2012) these were used to implement the source location procedure. 
 
 
 
Fig. 3. Source localisation - Data from four sensors at 4 kHz 
Fig. 3 shows the source location results on the laboratory test rig using data from all 4 sensor locations with a 
data sample frequency of 4 kHz. It is clear that the likelihood of source location increases in the vicinity of the 
actual source location with the highest likelihood occurring along the full length of the branch along which the 
known source is situated. It is clear that the likelihood does not change along the length of branches outside the 
main loop branch. This result is expected because however far a source is situated along a branch the temporal 
difference can only occur once the wave front has diverged at a node. This highlights one limitation of the 
procedure.  
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Fig. 4. Source localisation using data from all combinations of three loggers at 4 kHz 
Fig. 4 shows localisation results using all possible combination of three of sensors. In Fig. 4b where the sensor 
closest to the actual source is omitted, the highest location likelihood is close to but not on the branch where the 
actual source was situated. This is most likely due to the apparent wave speed retardation as a result of the visco-
elastic pipe properties but it may be due to slight inaccuracies in the determination of the precise arrival time of the 
primary wave front. Either way, the result is still of a high enough accuracy to be useful for practical purposes. 
  
 
Fig. 5 Source localisation result with three sensors and 100 Hz sample frequency 
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Fig. 5 shows the localisation results using three sensors and using data sampled at 100 Hz. The result is 
comparable to Fig. 4b, The localisation results are again very close to establishing the branch along which the 
actual source is situated providing a very similar location result as was attained using 4 kHz sample frequency 
data. 
 
 
Fig. 6 Source localisation result for all six combinations of two sensors 
Fig. 6 shows localisation results attained using all possible combinations of two sensors. Ambiguities exist for 
the source location in Figs. 6d. e. and f., in all cases suggesting two possible locations.  Fig. 6a provides a positive 
result but identifies the wrong location. Fig. 6c shows true a positive result although there is still a strong 
likelihood that the source could be at other locations. Only Fig. 6e shows a strong true positive result.  
5. Discussion 
This paper has briefly shown a method and a series of results for identifying the origin of a transient pressure 
event in a simple water pipe network. The procedure relies heavily on the accuracy of wave front arrival detection 
and while it is relatively easy to establish wave front arrival times on laboratory data with very little background 
noise, achieving suitable accuracy on data acquired from real systems with high background noise levels needs 
further consideration. Development of wave arrival detection techniques evaluated in Hampson et al., (2012) 
should provide a practical means of identifying wave arrival times in noisy signals. 
Using single sensor pairs and applying the graph theoretical procedure the source location can be indicated but 
ambiguities in the localisation results can arise. By combining the results from multiple sensor pairs ambiguities 
are cancelled to provide a single area of source likelihood. In doing this a sensor is not needed at every pipe 
junction and a limited number of sensors, in this case three, can provide a valid result. On larger more complex 
networks a greater number of sensors would potentially be required although optimal placement of sensors to 
minimise ambiguities would keep this number to a minimum. Greater variety of pipe lengths and transit times in 
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real WDS may improve localisation results as this may naturally reduce ambiguities although wherever a looped 
configuration exists, without optimal sensor placement ambiguities are still likely to exist.  
The relatively low wave speeds attained in the laboratory model due to the pipe properties make the procedure 
successful even at relatively low sample rates of 100 Hz. Should the localisation procedure be tried on a small 
network fabricated from high Young’s modulus material a greater variation could be expected in the localisation 
result although the accuracy of the result could be estimated based on the wave propagation distance per sample 
interval and the accuracy of the logger synchronisation.  
For plastic pipes on this scale and with data acquired at a sample frequency of 100 Hz a reasonable accuracy is 
achieved for establishing the arrival times of the primary wave fronts at all sensor location suggesting that higher 
sample frequency rates may not be necessary, hence enabling longer periods of non selective data acquisition. This 
could be beneficial for large pipe networks where damping can reduce the magnitude of a transient pressure. If all 
data is captured, without selectivity, smaller events useful for source localisaition will be captured. 
  While it is relatively easy to identify the primary wave fronts, even with data from this simple system, 
successive wave propagations rapidly become more difficult to identify. This is an indication that, by only 
considering the primary wave front, minimal interference has been caused by the system and while successive 
wave propagations could in theory help clarify the origin of a transient, they may also increase the level of 
uncertainty.  
If a branch leads from a node which does not have any sensors situated further along it the localisation result 
along the whole branch will be the same as at the joining node. Provided limitations such as these are accounted 
for and an adequate number of sensors are used then the procedure should still be applicable to more complex pipe 
systems. 
A valid source location result can be attained if a consistent value for E is used hence no temporal change in the 
wave speed is accounted for. Incorporating variable wave speeds into the method could potentially increase the 
accuracy of the localisation result but further characterisation of the system would be needed and it may not be 
necessary to provide a practicable level of accuracy. 
The procedure is computationally efficient, therefore, given the large number of uncertainties in wave speeds 
that may exist in real distribution systems it is feasible that the procedure could run through numerous cycles with 
varying network and pipe parameters to obtain likely solutions. This would facilitate a refined redistribution of 
logger locations to obtain more accurate results. 
 
6. Conclusion 
In this paper it has been demonstrated that by using the arrival time of transient pressure primary wave fronts at 
multiple sensor locations and comparing these to estimated shortest path arrival times using graph theory it is 
possible to determine the approximate location of a transient source. 
Providing that a suitable number of data loggers and wave front arrival detection procedure are used, data 
acquired with a 100 Hz sample frequency should provide sufficiently accurate source localisation results for most 
practical purposes. 
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